Pestivirus translation initiation occurs by internal ribosome entry  by Poole, Toni L. et al.
VIROLOGY 206, 750 754 (1995) 
Pestivirus Translation Initiation Occurs by Internal Ribosome Entry 1 
TON/ h POOLE, *'2 CHANGYU WANG,l- R. A. PoPP,* L. N. D. PQTGIETER,:I: ALEEM SIDDIQUI,I AND MARC S. COLLEqq-§ 
*Oak Ridge National Laboratory, Biology Division, Oak Ridge, Tennessee 37831; tDepartment of Microbiology and Program /n Molecular Biology, 
University of Colorado Medical School, Denver, Colorado 80262, ¢University of Tennessee College of Veterinary Medicine, Knoxville, 
Tenneesee 37901; and §PathoGenesis Corporation, Seattle, Washington 98119 
Received August 16, 1994; accepted September-30, 1994 
The role of the 385 nucleotide 5' noncoding region (NOR) in the translation of the pestivirus genome was investigated. 
In vitro translation of an RNA transcript containing the 5' NCR of the bovine viral diarrhea virus (BVDV) genome followed 
by the coding sequence of the first gene product (p20) of the BVDV large open reading frame resulted in the synthesis of 
a 20-kDa polypeptide. Results from hybrid-arrest ranslation studies identified a region involving a predicted RNA stem- 
loop structure spanning nucleotides 154-261 within the 5' NCR that was important for p20 synthesis. An additional inhibitory 
oligonucleotide was complementary to the sequence at the base of this stem-loop and encompassed the initiating AUG 
at nucleotide 386. Antisense oligonucleotides both upstream and downstream of those that were inhibitory had no effect 
on p20 translation. RNA from a dicistronic expression vector in which the BVDV 5' NCR was inserted between two reporter 
genes, CAT and LUC, showed strong expression of the second (LUC) cistron upon in vitro translation. This expression was 
dramatically reduced in an analogous construct in which nucleotides 173-236 of the 5' NCR were deleted. Similar results 
were obtained when RNA from these same vectors was evaluated for expression after transfection into BHK cells. These 
results suggest that the BVDV 5' NCR contains an internal ribosome entry site for translation initiation. This translational 
mechanism is similar to that shown for hepatitis C virus, further demonstrating the close relationship between viruses of 
these two genera within the family Flaviviridae. 
Bovine viral diarrhea virus (BVDV) represents the pro- 
totype member of the pestivirus genus, family Flaviviri- 
dae. The pestivirus genome is a single strand, positive 
sense RNA of about 12.6 kb (1), although, larger genomic 
sizes have been observed for some BVDV isolates (2- 
4). The BVDV genome consists of a 5' noncoding region 
(NOR) of 385 nucleotides, a single large open reading 
frame (ORF) coding for approximately 4000 amino acids; 
and a 3' NOR of some 230 nucleotides. The general 
molecular features and gene products of pestiviruses 
are quite similar to those of flaviviruses and hepatitis C 
viruses (HCVs), the other two genera of Flaviviridae (1, 
5, 6). However, pestiviruses and hepatitis C viruses both 
possess a significantly longer 5' NCR (ca. 330 to 385 
nucleotides), containing multiple AUG codons, than do 
flaviviruses (97-119 nucleotides), which have few if any 
AUG codons within their 5' NCR. This feature of the 6' 
NCRs of pestiviruses and HCVs is reminiscent of that of 
members of the Picornaviridae. These similarities sug- 
gest the process of viral translation initiation by pestivi- 
ruses and HCVs may be similar to that of picornaviruses. 
The mechanism of translation initiation employed by 
This paper has been authored in part by a contractor of the U.S. 
Government under contract No. DE-AC05-840R21400. The U.S. Govern- 
ment's right to retain a nonexclusive royalty-free license in and to the 
copyright covering this paper, for governmental purposes, is acknowl- 
edged. 
~To whom correspondence and reprint requests should be ad- 
dressed. Fax, (615) 574-1274. 
picornaviruses involves the binding of ribosomes to a 
complex secondary/tertiary structure, termed the internal 
ribosome entry site (IRES), within the 5' NOR of the viral 
RNA (7-10). The IRES mechanism is independent of a 
cap structure at the 5' end of the RNA. This strategy 
for translation initiation is distinct from the ribosome- 
scanning model, which predicts initiation occurs at the 
AUG codon nearest the 5' end of the RNA and involves 
ribosome interaction with the 5' methylated cap and cel- 
lular initiation factor elF-4F (11). 
Recent data have shown that translation of HCV RNA 
indeed occurs by an internal ribosome-binding mecha- 
nism (12-14), although data to the contrary have also 
been put forth (15). Only limited work relevant to the 
mechanism of translation initiation employed by pestivi- 
ruses has been reported. Within the 5' NOR of BVDV, 
there are six AUG triplets prior to the initiating AUG co- 
don at nucleotide 386 (16). While these AUGs could pos- 
sibly direct synthesis of peptides up to 48 amino acids 
in size, products from these small ORFs were not de- 
tected in cell-free translation studies (17). Currently, it is 
not known whether the 6' end of BVDV genomic RNA is 
capped. However, indirect evidence suggests that it is 
not (18). Moreover, addition of 5' cap structures to in 
vitro-produced RNA transcripts encompassing the 5' end 
of the BVDV genome had no qualitative or quantitative 
effect on translation (17), suggesting that the translation 
of the BVDV RNA may not involve a conventional cap- 
dependent mechanism. 
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In the present study, we investigated further the mech- 
anism of translation initiation by BVDV, and in particular, 
the role of the 5' NCR. Three types of experiments were 
carried out, (i) in vitro hybrid arrest translation; (ii) in vitro 
dicistronic RNA translation; and (iii) dicistronic RNA gene 
expression in transfected mammalian cells. 
in the first approach, oligonucleotides complementary 
to BVDV (NADL isolate) RNA sequences were annealed 
to a BVDV RNA transcript, and the translational capa- 
bilities of the hybrids were assessed in reticulocyte ly- 
sates. The transcription vector pT75'[)20 used here has 
been previously described (17). RNA transcribed from 
pT75'p20 is 1141 nucleotides in length, beginning with 
32 nucleotides derived from the transcription vector, fol- 
lowed by 1109 nucleotides of contiguous BVDV se- 
quence including the BVDV 5' NOR (beginning at BVDV 
nucleotide 29), the initiator AUG codon at nucleotide 386, 
the coding sequence for the first gene product (p20) of 
the large ORF, and 260 nucleotides downstream of the 
p20 coding region (Fig. 1A). Oligonucleotides were an- 
nealed to this template RNA (1 #g) in TE buffer [10 mM 
Tris-HCI (pH 8.0), 1 mM EDTA (pH 8.0)] containing 200 
mM NaCI in a final volume of 10 #1 by heating to 85 ° 
and allowing to cool slowly over a 40-min period. The 
annealed mixtures were then translated in the presence 
of [35S]methionine (Dupont) in a standard cell-free rabbit 
reticulocyte lysate system (Promega Biotec). 
Eleven oligonucleotides, all 20 nucleotides in length, 
were prepared. The nucleotide sequences of these oligo- 
nucleotides and their complementary nucleotide posi- 
tions within the pT75'p20 RNA transcript and the BVDV 
genome are presented in Table 1. Figure 1A shows a 
schematic representation of the pT75'p20 RNA and the 
approximate location of complementary oligonucleotides 
along the RNA template. As had been shown previously 
(17), in vitro translation of pT75'p20 RNA resulted in the 
production of a protein with an apparent molecular mass 
of 20 kba (Fig. 2, lane -) .  When the translation was 
performed with transcript RNA annealed individually with 
the series of oligonucleotides at an oligonucleotide con- 
centration of 10 #M, oligonucleotides 1, 2, 3, 8, and 9 
had no obvious or reproducible effect on the translation 
of the p20 protein (Fig. 2). However, oligonucleotides 4, 
4a, 4b, 5, 6, and 7 appeared to inhibit the synthesis of 
the p20 protein. When this hybrid arrest experiment was 
repeated at oligonucleotide concentrations of 50 tiM, the 
results were more dramatic..Oligonucleotides 4, 4a, 4b, 
5, 6, and 7 completely abrogated p20 protein synthesis 
(Fig. 2). In contrast, oligonucleotides complementary to 
the 5' terminus of the transcript (oligonucleotide 1), to 
sequences encompassing either the first or second AUG 
found in the 5' NCR (oligonucleotides 2 and 3), and to 
sequences beyond the initiating AUG (oligonucleotides 
8 and 9), did not prevent translation of the p20 product. 
The same results were obtained when oligonucleotides 
were present at 100 #M (data not shown). 
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FIG. 1. (A) Schematic representation ofthe pT75'p20 RNA transcript. 
Transcription from the T7 promoter yields an RNA transcript which 
includes 32 nucleotides of vector sequence (open line), 357 nucleotides 
of the BVDV noncoding region (solid line), the 513 nucleotides of the 
p20 gene, and 239 nucleotides of sequence downstream of the p20 
coding region (open box). The positions of the six AUG triplets within 
the 5' NOR are indicated. The seventh AUG (within the open box) is 
the initiating codon of the large ORF. The approximate locations along 
the pT75'p20 RNA of sequences complementary to the oligonucleo- 
tides are indicated as numbered boxes above their regions of comple- 
mentarity. The shaded boxes indicate those oligonucleotides that inhib- 
ited translation (see text). The nucleotide sequences of the oligonucleo- 
tides and their exact coordinates are provided in Table 1. The scale 
below the diagram represents the nucleotide coordinates of the BVDV 
genome. The two arrowheads indicate the boundaries of the deletion 
in construct T7CAT-BVD5'D173-236-LUC (see text). (B) RNA secondary 
structure prediction for the complete 1141 nucleotide pT75'p20 RNA 
transcript. Regions complementary tothe eleven oligcnucleotides are 
stippled and labeled. 
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TABLE 1 
OLIGONUCLEOTIDES AND THE CORRESPONDING REGIONS IN THE pT75'p20 RNA TRANSCRIPT AND IN THE BVDV GENOME 
TO WHICH THEY ARE COMPLEMENTARY 
Oligonucleotide Complementary nucleotide sequence in 
No. Sequence pT75'p20 RNA BVDV genome 
1. 5'-CTGCTCGAGGCCGGTCTCCC-3' 1-19 -- 
2. 5'-TACTAAGGGCATGGCTAGCC-3' t03-122 100-119 
3. 5'-CCCCCTCATTATGCTAGTCC 3' 123-142 120-139 
4. 5'-TTAAGCCATCCAACGAACTC-3' 157-176 154-173 
4a. 5~-CGACTACCCTGTACTCAGGG 3' 178-197 175-194 
4b. 5'-TCCAAGGCGTCGAACCACTG 3' 199-218 196-215 
5. 5'-CCACGTGGCATCTCGAGACC-3' 224-243 221-240 
6. 5'-GTGCTTTGGGCATGCCCTCG-3' 245-264 242-261 
7. 5'-CTCCATGTGCCATGTACAGC-3' 375-394 372-391 
8. 5'-ATCCCTCCTCAAAGAGCTCC 3' 697-716 694-713 
9. 5'-ACTATTGTAGCATCCGGAGG-3' 1007-1026 1004-1023 
Note. The difference in numbering between the nucleotides represented in the pT75'p20 RNA and the BVDV genomic RNA reflects the 5' terminai 
32 nucleotides of transcribed vector sequence fused to nucleotide 29 of the BVDV RNA sequence. 
cannot be explained by a failure of those particular oligo- 
nucleotides to hybridize with the RNA transcript. In an 
RNase protection experiment, each of the eleven oligonu- 
cleotides was annealed individually to S2P-labeled 
pT75'p20 RNA and then incubated with RNases T1 and 
A. When the digested samples were electrophoresed on 
a 20% polyacrylamide-7 M urea gel, all eleven oligonu- 
cleotides protected a series of distinct RNA fragments 
(18-42 nucleotides in length)from RNase digestion (data 
not shown). Moreover, the total amount of material pro- 
tected from RNase hydrolysis for each oligonucleotide 
was similar, indicating all oligonucleotides annealed to 
the RNA template with roughly similar efficiencies. 
pT75'p20 RNA digested in the absence of oligonucleo- 
tide, or in the presence of an unrelated oligonucleotide, 
was completely hydrolyzed. In a second experiment o 
demonstrate that all oligonucleotides were in fact hy- 
bridizing to the expected regions within the pT75'p20 
transcript RNA, the annealed S2P-pT75'p20 RNA-oligonu- 
cleotide mixtures were treated with RNase H (Phar- 
macia). When analyzed by gel electrophoresis, full-length 
p20 
p20 
1 2 3 4 4a 4b 5 6 7 8 9 
FiG. 2. Protein products from in vitro translation of pT75'p20 RNA in 
the presence of complementary oligonucleotides, pT75'p20 RNA was 
translated in a standard reticuloeyte lysate system containing [s6S]- 
methionine. After 60 min at 30 °, portions of the translation reaction 
mixtures were subjected to electrophoresis nan SDS-containing 12% 
polyacrylamide gel. Oligonucleotides (numbered as in Table 1) were 
absent (-) or included at either 10 or 50 #M as indicated. 
transcript was completely eliminated in all cases (except 
oligonucleotide 1), while distinct RNA fragments of the 
predicted lengths were detected (data not shown). For 
oligonucleotide 1, the gel system employed did not pro- 
vide resolution between full-length RNA (1 141 bases) and 
the predicted 20 nucleotide shorter RNA. RNA digested 
in the absence of oligonucleotide, or in the presence of 
an unrelated oligonucleotide, remained intact. 
The ability of the six oligonucleotides to inhibit p20 
translation in the hybrid arrest experiments might be ex- 
plained if an RNase H activity was operative in the reticu- 
Iocyte lysates. If such an activity was present, it had a 
specific effect on the translation of the six hybrids, indi- 
cating the importance for translation of the particular 
hybrid regions. However, if RNase H activity was present, 
we would have also expected to see a truncated p20 
protein upon translation of the oligonucleotide 8 hybrid, 
and we did not. Finally, the hybrid arrest results could 
be explained by selective mRNA instability induced by 
the six inhibitory oligonucleotides, but not by the other 
five oligonucleotides tested. Again, we feel this possibiF 
ity is unlikely. 
The foregoing notwithstanding, the data from these 
hybrid arrest translation experiments suggest that re- 
gions of the BVDV genome involving nucleotides 154- 
291 and nucleotides 372-391 were required for efficient 
p20 protein synthesis. Using the Genetics Computer 
Group FOLD program, we performed a secondary struc- 
ture analysis on the complete RNA sequence repre- 
sented in the 1141 nucleotide pT75'p20 transcript. The 
predicted structure is displayed in Fig. lB. The structure 
appears to be quite stable (zSG = -277.3 kcal/mol) and 
features extensive stem-loop configurations. The stem- 
loop structure designated domain II was predicted to 
form regardless of the presence or absence of additional 
sequences at its 5' and 3' ends. In fact, the AG value 
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FIG. 3. (A) In vitro protein expression from dicistronic expression vectors. Plasmids T7CAT-BVD5'NC-LUC (1) and T7CAT-BVD5'D173-236-LUC (2) 
were constructed by inset[ion of POR-generated fragments from the BVDV 5' NOR into the parent plasmid T7CAT/ICS/LUC as described in the text. 
Plasmid T7DC1-341 (3), containing the 5' NCR of HCV, is described elsewhere (13). RNA made from these transcription plasmids was translated 
in rabbit reticulocyte lysates in the presence of [3~S]methionine, and the products were analyzed by SDS-pelyacrylamide gel electropheresis. The 
gel was dried and exposed to X-ray film. The positions of the LUC and CAT proteins are indicated. Luciferase expression was measured according 
to de Wet et aL (21) and is presented in arbitrary light units. (B) Expression of reporter gene products after transfection of BHK cells with dicistronic 
RNAs. RNA (5 #g; uncapped) prepared from the transcription vectors described in A was transfected into BHK cells as described previously (13). 
At 5 hr post-transfection, CAT and LUC activities were measured in cell lysates. LUC activity is presented as light units per 5 X 106 transfected 
cells, nd, none detectable. 
of domain II in isolation, that is, folding only nucleotides 
119-391, was calculated to be -85.1 kcal/mol, sug- 
gesting it may be a relevant structure in vivo. 
Oligonucleotides 4, 4a, 4b, 5, and 6, each of which 
completely abrogated protein synthesis, are all comple- 
mentary to sequences represented in domain II (Fig. 1B). 
The sequence complementary to oligonucleotide 7, 
which also abolished p20 synthesis, is at the 3' base of 
the domain II stem-loop and encompasses the initiating 
AUG. Thus, the results of the hybrid arrest experiment 
defined domain II as a secondary structural feature re- 
quired for the efficient translation of the pT75'p20 RNA. 
The hybrid arrest results further suggest that translation 
of BVDV RNA does not occur by a simple ribosome scan- 
ning mechanism, since oligonucleotides complementary 
to sequences upstream of the initiating AUG did not in- 
hibit translation. Rather, the data imply that BVDV RNA 
translation is initiated by internal binding of ribosomes 
to sequences within the 5' NOR, and in particular, to 
those within domain II. 
To more directly investigate this possibility, we con- 
structed dicistronic expression vectors. This strategy, 
originally used in investigating the translational regula- 
tion of poliovirus RNA (9), involves the insertion of the 
5' NCR between two reporter genes and subsequent 
analysis of expression of both cistrons. We constructed 
two such dicistronic vectors. In one construct, the BVDV 
5' NCR sequences corresponding to nucleotides 29 
through 394 were POR-amplified and inserted into the 
SalI-Ncol cloning site within the intracistronic spacer 
(10S) of plasmid T7OAT/ICS/LUC (19). This two-gene ex- 
pression vector contains the chloramphenicol acetyl- 
transferase (CAT) and luciferase (LUC) genes under the 
transcriptional control of a -I-7 promoter. This construction 
resulted in plasmid T7CAT-BVDS'NC-LUC, schematically 
depicted in Fig. 3A (1). A second construct was identical 
1o T7CAT-BVDS'NC-LUC, except it possessed a specific 
deletion of BVDV 5' NOR sequences. In plasmid T7CAT- 
BVD5'D173-236-LUC, the Afl l I -Pml l  restriction fragment 
encompassing BVDV nucleotides 173-236 was deleted 
(Fig. 3A, 2). The deleted nucleotides encompassed a por- 
tion of the region (domain II) defined by the inhibitory 
oligonucleotides from the hybrid arrest experiment 
(Fig. 1A). 
Uncapped RNAtranscripts prepared in vitro from these 
two plasmids were used for translation in reticulocyte 
lysates along with a previously described dicistronic ex- 
pression RNA, T7DC1-341 (13). T7DC1-341 contains the 
HCV 5' NCR inserted between the CAT and LUC cistrons 
(Fig. 3A, 3). As shown in Fig. 3A, the in vitro translation 
product of the first cistron (CAT) was expressed at ap- 
proximately equivalent levels by all three RNAs. In addi- 
tion, RNAs derived from T7CAT-BVD5'NC-LUC (1) and 
T7DC1-341 (3) were efficient in LUC protein synthesis, 
indicating that both contained sequences within their re- 
spective intracistronic regions capable of promoting 
translation initiation of the second cistron. That is, the 
BVDV 5' NOR sequence between nucleotides 29 and 394 
was sufficient to direct internal translation of the second 
cistron (LUC) within a dicistronic RNA. However, when 
nucleotides between 173 and 236 were deleted, as in 
T7CAT-BVD5'D173-236-LUC, the ability of this RNA to 
express the LUC gene was dramatically reduced (Fig. 
3A, 2), indicating the deleted sequences were critical to 
translation of the second cistron. Dicistronic RNA lacking 
an insert between the CAT and LUC cistrons does not 
express luciferase (13). 
In a final experiment, protein expression by the dicis- 
tronic vectors was evaluated after the RNAs were 
transfected into mammalian cells. The three dicistronic 
RNAs were introduced into BHK cells using Lipofectin 
(Gibco/BRL) as previously described (13). At 5 hr post- 
transfection, cell lysates were prepared and assayed for 
either CAT (20) or LUC (21) expression. While uncapped 
RNAs are translated in cell-free reticulocyte lysates, al- 
beit at low ionic strength, it is generally observed that 
they are not translated in vivo (22). As expected, CAT 
expression was not detectable in lysates from cells 
transfected with RNAs derived from T7CAT-BVD5'NC- 
LUC (1), T7CAT-BVD5'D173-236-LUC (2), or T7DC1-341 
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(3) (Fig. 3B). In contrast, expression of the second cistron 
(LUC) occurred efficiently when the BVDV 5' NOR was 
present upstream of the cistron (Fig. 3B, 1), similar to 
that observed for the HOV dicistronic vector (Fig. 3B, 
3). Since this expression occurred independent of CAT 
synthesis, it is unlikely that LUC expression was a result 
of ribosome reinitiation. When a portion of domain II was 
deleted in T7CAT-BVDS'D173-236-LUC, however, LUC 
expression was reduced about 70% (Fig. 3B, 2). 
Previous data indicated translation initiation of p20 
protein synthesis occurs in vitro in a cap:independent 
fashion (17). We show here that particular sequences 
within the 5' NOR of the BVDV genome are important for 
the efficient expression of p20. Moreover, these se- 
quences are capable of promoting the efficient expres- 
sion of the second cistron in a dicistronic expression 
vector both in vitro and in vivo. These sequences are 
predicted to exist in a stable stem-loop structure (Fig. 
1B, domain II; in Ref. 23, domain Ill; in Ref. 24, domain 
D) that is conserved among pestiviruses (23, 24), sug- 
gesting the presence of a structural motif essential for 
pestiviral internal translation initiation. 
These observations for BVDV are very reminiscent of 
features found in the more extensively studied picornavi- 
ruses. The 5' NCR IRES of picornaviruses possesses 
highly ordered secondary and tertiary structural features 
that are recognized by trans-acting factors and the ribo- 
somal initiation complex (25-27). Based on the in vitro 
and in vivo protein expression data reported here, do- 
main II of the BVDV 5' NOR likely represents a pestivirus 
IRES. The same conclusion was reached by Brown etaL 
(23) and by Deng and Brock (24) based on RNA structure 
modeling considerations. 
Pestiviruses and HCVs appear to be related evolution- 
arily (28). In fact, substantial nucleotide sequence simi- 
larity between the genomes of these two virus groups 
resides within their 5' NCRs (29). This region of HCV 
RNA is also predicted to possess considerable second- 
ary structure, and is, in fact, similar to the structure Of 
the BVDV 5' NCR (23). Studies on the mechanism of 
translational initiation have identified an IRES within the 
HCV 5' NOR (•2-14). These results, in combination with 
the data presented in this report, further substantiate the 
relationship between pestiviruses and HCVs. 
In conclusion, our studies suggest that the mechanism 
of translation initiation by the pestivirus BVIbV RNA in- 
volves cap-independent internal, ribosome entry within 
the 5' NCR and that a putative IRES encompasses the 
stem-loop structure bounded by nucleotides 119-391. 
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